Ion bombardment during thin film growth is known to cause structural and morphological changes 9 in the deposited films and thus affecting their physical properties. In this work zirconium nitride 10 
Introduction 22
The properties of thin films grown by physical vapor deposition (PVD) processes strongly depend 23 on the incident particles energy transferred to surface of growing films [1] . This energy available 24 on the films surface can promote many phenomena such as the enhancement of surface atom 25 mobility [2] , modification of the cristallinity [3] , variation in the composition [4] , structure andmicrostructure and, as consequence, in the physical response of the deposited material. Ion 27 bombardment permits to obtain denser and void-free films [5] even by performing a low 28 temperature deposition process which sometimes is more convenient and advantageous [6] . The 29 simplest way to achieve ion bombardment on the growing film during plasma growth process is 30 biasing the substrate during the deposition. The bias voltage applied to the substrate attracts ions 31 (argon and nitrogen) out from the plasma towards the substrate by the potential drop in the sheath 32 region. At a fixed process total pressure, the energy of these ions [7] will be proportional to this 33 voltage. For small bias voltages, the sheath at the substrate will be thin enough that it will be 34 collision free [8] . In the present investigation RF reactive magnetron sputtering process was used to 35 grow thin films of ZrN, a material which is remarkably stimulating the scientific interest for its 36 wide field of applications [9] . During the deposition process the reactive gas mixture total pressure, 37 the substrate temperature and the power applied to Zr target were kept constant, while a negative an Ar/N 2 gas mixture. Both gases were 99.999 % pure. The working pressure was kept constant at a 55 value of 1.12·10
-2 Torr and the nitrogen flux percentage in the mixture was fixed at 5 %. The power 56 applied to Zr target during the deposition was 165 W. The distance between the substrates and the 57 target was 70 mm. The substrate temperature was monitored by a thermocouple and it did not 58 overcome 70°C during the whole process. The only tuned process parameter was the negative bias 59
voltage applied to the substrate in the range 0 --25 V with respect to the ground. As simplification, 60
in the text the voltage absolute values will be indicated. Before the nitride films deposition, the 61 target was pre-sputtered in argon atmosphere for about half an hour. The films are about 500 nm-62 thick. The thickness was measured using a profilometer (KLA TENCOR) on steps patterned by a 63 solid mask. The morphology and the roughness of films were investigated by atomic force 64 microscopy (AFM). The AFM measurements were performed with a Nanoscope III from Digital 65
Instruments. Silicon cantilevers with radius less than 10 nm was used as tip. All measurements were 66 performed in tapping mode in air. The X-ray diffraction and reflectivity experiments were carried 67 out by using an X-ray diffractometer in parallel beam geometry (Philips MPD PW1880, 3 kW 68 generator) optimized for small-angle scattering measurements. For all the measurements Cu Kα -69 radiation (λ CuKα =0.154186 nm) was used. The X-ray diffraction measurements were performed 70 under different geometrical configurations, i.e. by performing both θ-2θ scan as well as grazing 71 incidence (with fixed incidence angle ω i =1.0°) measurements. The grazing-incidence measurements 72 (GIXRD) were performed by keeping the incident angle i (angle between incident beam and 73 sample surface) fixed at 1.0°and recording the scattered X-ray beam by moving the detector and 74 post-sample flat graphite collimator-monochromator along the goniometer circle in the 2θ range 75 between 10°and 100°with a step size of 0.02°. The θ-2θ scan were measured in the angular 2θ 76 range between 25°and 45°with a step size of 0.01°, because the Bragg peaks in only these angular 77 regime, we have taken specular (ω,2θ) scans (XSR) in which the grazing angle of incidence of the 79 X-rays is equal to the exit angle (measured 2θ range between 0°and 9°with a step size of 0.01°), 80 and transverse ω scans (XDS, diffuse scattering) in which the angular position of slit and detector 81 (2θ angle) was fixed. DC electrical resistivity at room temperature was deduced from sheet 82 resistance measurements using the four point-probe method. A CARY 500 spectrometer was 83 employed to perform optical reflectance measurements in the range from 200 to 2500 nm. 
Results 88

Structure and morphology of the films 89
Generally, for thin films with layer thickness < 1 µm and nanocrystalline structure grazing 90 incidence diffraction measurements (GIXRD) are more appropriate for a quantitative analysis since 91 the X-ray penetration depth is reduced and the relative Bragg peak intensity is enhanced. The 92 grazing-incidence diffraction (GIXRD) and X-ray reflection (XSR) schemes are schematically 93 shown in Fig.1 . Both measurements are carried out in co-planar scattering geometry. However, in 94 the GIXRD configuration (Fig.1a) the incidence angle i between incident X-ray beam (k 0 ) and 95 sample surface is kept constant, while the intensity of the diffracted X-ray beam (k h ) is recorded for 96 different 2 angles. On the contrary, for the X-ray specular reflectivity measurements (Fig.1b) the 97 scattered X-ray intensity is recorded keeping the angles between the sample surface and the incident 98 and reflected X-ray beams, respectively, equal. In this case (b), the scattering vector h is parallel to 99 the surface normal n. 
where r e is the classical electron radius, λ is the X-ray wavelength used, N A is the Avogadro's 142 number, and Z i, f' i and M i are the nuclear charges, the dispersion corrections and the atomic weights 143 of the i-th chemical element, respectively. The mass density of the deposited ZrN films as a 144 function of the applied bias voltage V bias has been evaluated by using Eq. (2) and is shown in Figure  145 7 where it is clear that its increasing follows the voltage rise. (Figure 8) give evidence of all the deposited samples topography. They exhibit a 153 "cauliflower-like" surface which can be observed when a thin film has a columnar structure with 154 grain size of tens of nanometers [17] , as previously confirmed by XRD analysis (Fig. 4) . The 155 evaluated average root mean-square roughness (RMS) is in the range of 5-11 nm as reported in the 156 last column of Table 1 
Optical and electrical analyses 160
The characteristic feature of the reflectance spectra is a distinct minimum located in the range 161 between 2.8 eV and 3.5 eV, followed by a sudden rise, the so called "plasma reflectance edge" [18] , 162 at lower energies (Fig. 9) . The high reflectance in the IR range is related to the high light absorption 163 by the free electron gas (conduction electrons, described by the Drude model), while the reflectance 164 in the UV range is related to the absorption by the interband transitions of the bounded electrons 165 (described by the Lorentz oscillators). As a consequence, the reflectance spectra can be fitted by the 166 use of a model including a Drude part and one or more Lorentz oscillators. The energy of the 167 reflectance minimum, the reflectance percentage at 0.8 eV and the plasma energy of the Drude part 168 are listed in Table 2 . A detailed analysis of the optical spectra by a Drude-Lorentz model is in 169 progress and it will be reported in a future paper. 170
The energy of the reflectance minimum shifts to higher energy when the voltage increases up to 20 171 V, then it slightly decreases for the film assisted at 25 V. At the same time, the reflectance in the 172 low energy range also increases with the applied bias voltage until 20 V, and it slightly decreases at 173 25 V. Both these behaviors are reported in the inset of Fig. 9 .The plasma energy value follows the 174 same trend, as it has an increase until 20 V and a following decrease at 25 V (see Table 2 ). 
185
A similar behavior can be observed in the electrical measurements too. Indeed the general result 186 obtained by four-point probe method measurements is that the application of a bias voltage greatly 187 lowers the electrical resistivity down to a minimum value at 20 V, after which an inversion is 188 observed, as reported in Figure 10 and in Table 2 . In particular, the unbiased ZrN film exhibits the 189 highest resistivity value (13240 µ ·cm) that is lower than the value found by Pilloud et al. In this case, the strain energy determines the overall energy of the films, and (111) would become 222 the preferred orientation to minimize it [24] . It is noteworthy that the bias voltage in our films does 223 not have any significant effect on film adhesion, while higher bias voltages (> 25 V) led to some 224 film detachment from the substrate, probably due to the higher intrinsic compressive stress induced 225 in the film. 226
The observed experimental results can be similarly attributed to two different causes: nitrogen 227 replacement by oxygen or nitrogen vacancies generation in the ZrN lattice. Indeed, considering the 228 lattice parameter, its decreasing down to values lower than the bulk one (4.63 Å) by rising the 229 assistance energy, can be ascribed to stress introduced in the lattice due to nitrogen vacancies [25] or to nitrogen substitution by oxygen atoms [26] . In the first case the presence of nitrogen vacancies 231 can influence the film lattice parameter without inducing strong structural alterations: it is known 232 that transition metal nitrides have vacancy defect structure which are stable over a wide range of 233 composition allowing a change in the stoichiometry without altering the NaCl crystal structure [27] . 234
In particular, this has been noted also for nitrogen-deficient ZrN films [28] . In the second case, O 235 atoms presumably tend to substitute N atoms because they are too large to be inserted into the Although the oxygen quantity is the same for the samples belonging to the group I, their physical 244 properties significantly change: the cristallinity is enhanced (the FWHM of ZrN(111) peak 245 decreases) thanks to the adatom mobility enhancement related to the increased bombardment energy 246 which allows the grain growth and the films mass density improvement [30] ; the electrical 247 resistivity decreases of about six times changing from 13240 µ ·cm (0 V) to 2300 µ ·cm (10 V); 248 the reflectance minimum shifts of about 0.3 eV to higher energies from 0 V to 10 V, the reflectance 249 percentage in the near infrared region and the plasma energy rise from~25 % to~36 % (measured 250 at 0.8 eV) and from 1.8 eV to 3.2 eV, respectively. Since the oxygen content in these films is almost 251 unchanged, these variations can be mainly attributed to the changes in the presence of nitrogen 252 vacancies, probably due to a preferential re-sputtering of nitrogen atoms during the ion assistance. 253
In particular, the non-assisted sample exhibits the highest lattice parameter, even higher than the 254 value in the bulk material, thus suggesting the lowest nitrogen vacancies content. This is in 255 agreement with the optical and electrical measurements. Indeed the plasma energy is proportional tothe square root of the free electron density, therefore the increase of its value and the corresponding 257 The decrease of the oxygen content in samples of group II causes an additional increase of the free 269 electron density, thus further inducing a shift of the reflectance minimum (up to 3.5 eV) and an 270 increase of the reflectance intensity in the low energy range (up to~69 %) and of the plasma 271 energy (almost 7 eV), and a decrease of the electrical resistivity (down to~160 µ ·cm). The 272 electrical conductivity is also improved by the decreasing of the electron scattering probability due 273 to both the reduction of oxygen impurities and the increase of film mass density with the bias 274
voltage. 275
The slight inversion in the trend of the optical and electrical measurements observed for the film 276 grown with V bias of 25 V (group III) can be ascribed to two factors: (i) the high energy 277 bombardment can produce structural defects so that the electrons are captured in defect states, thus 278 inducing a reduction of the free electron density, and consequently a shift of the reflectance 279 minimum to low energy (3.3 eV), a decrease of the reflectance percentage in the IR range (~48 %) 280 and of the plasma energy (4 eV), and an increase of the electrical resistivity (280 µ ·cm); (ii) the 281 increased ions bombardment leads to an implantation phenomenon which incorporates oxygenatoms in the films (as shown by the oxygen SIMS signal) causing the same effects mentioned 283 above. 284
As already mentioned, the electrical behavior is in agreement with the optical one, since the 285 electrical resistivity follows the same trend of the plasma energy and thus of the free electron 286 density derived from the optical reflectance spectra. Further investigations are in progress in order 287 to better evaluate the dependence of the resistivity on the carrier relaxation time, for example due to 288 the grain size. 
